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HemeproteinCytochrome bd oxygen reductase from Escherichia coli has three hemes, b558, b595 and d. We found
that the enzyme, as-prepared or in turnover with O2, rapidly decomposes H2O2 with formation of
approximately half a mole of O2 per mole of H2O2. Such catalase activity vanishes upon cytochrome
bd reduction, does not compete with the oxygen-reductase activity, is insensitive to NO, CO, antimy-
cin-A and N-ethylmaleimide (NEM), but is inhibited by cyanide (Ki 2.5 lM) and azide. The activity,
possibly associated with heme-b595, was also observed in catalase-deﬁcient E. coli cells following
cytochrome bd over-expression suggesting a protective role against oxidative stress in vivo.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction contribute to protect E. coli from H O stress. This heterodimericIn fresh glucose/amino acids containing medium, Escherichia
coli produces H2O2 at a rate of about 15 lM/s, as estimated after
normalization to the cytoplasmic volume of the cells [1]. This reac-
tive oxygen species (ROS) can also be generated by nearby compet-
ing microbes or the host immune cells, and freely penetrate into
the E. coli cell, potentially leading to protein and DNA damage. As
defense against H2O2-induced oxidative stress, E. coli uses perox-
ide-scavenging enzymes, such as a NADH peroxidase, the alkyl
hydroperoxide reductase encoded by ahpCF [1] and the KatG and
KatE catalases, also known as HPI and HPII, respectively [2].
Recently, it was proposed [3] that the respiratory cytochrome
bd oxidase with its low peroxidase enzymatic activity might also2 2
integral membrane protein catalyzes the four-electron reduction
of O2 to 2H2O extracting electrons from a quinol [4,5]; the overall
reaction is coupled to generation of a proton motive force [6–10].
The enzyme is found only in prokaryotes and may serve other
important physiological functions [11]. In particular, it may be
involved in protective mechanisms against nitrosative stress
[12–17]. Cytochrome bd contains three hemes, the low-spin heme
b558 and the high-spin hemes b595 and d. Heme d is the site where
O2 is captured, activated and further reduced to 2H2O. Based on
available data, heme b595 and heme d have been proposed to form
a di-heme active site [7,9,18–24], although the role of heme b595
remains obscure [25]. In this study, we show that cytochrome bd
from E. coli displays also a catalase activity, catalyzing at high rates
the decomposition of H2O2 with formation of O2.
2. Materials and methods
2.1. Reagents and enzyme puriﬁcation
H2O2 (30% solution) was from Fluka and its concentration was
determined using e240 = 43.6 mM1 cm1. Bovine catalase, rat DT-
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methyl-2-butenyl)-1,4-benzoquinone (Q1) and N-lauroyl-sarcosine
were from Sigma–Aldrich. Stock solutions of NO or CO (Air Liquide)
were prepared by equilibrating degassed water with the pure gases
at 1 atm at room temperature, yielding 2 mM NO and 1 mM CO in
solution. Cytochrome bd from E. coli strain GO105/pTK1 was iso-
lated as described [26,27]. Cytochrome bd concentration was
determined from the dithionite reduced-minus-‘as prepared’ differ-
ence absorption spectrum using De628–607 = 10.8 mM1 cm1 [19].
To test the catalase activity of cytochrome bd in vivo, the E. coli
strain UM2 (The Coli Genetic Stock Center, Yale University) devoid
of both katE and katG was used. Cytochrome bd over-expression in
these cells was achieved by transformation with the pTK1 plasmid
carrying the cytochrome bd-encoding operon. Cytochrome bd con-
tent in transformed cells was at least 8 times higher than in control
(non-transformed) cells, as inferred from the CO/bound-minus-re-
duced difference absorption spectrum of sonicated cells using
De643–623 = 13.2 mM1 cm1 [9] (not shown).
2.2. Measurement techniques and assay conditions
Amperometric O2 measurements were performed using a high-
resolution respirometer (Oxygraph-2k, Oroboros Instruments).
NADH consumption was followed by monitoring the absorption
changes at 340 nm in a Jasco V-650 UV/Vis spectrophotometer. As-
says were performed at 25 C in 50 mM K/phosphate buffer (pH
7.0) containing 0.1 mM EDTA, supplemented with 0.05% N-lau-
royl-sarcosine when isolated cytochrome bd was assayed. Unless
otherwise stated, cytochrome bd concentration was 100 nM.
2.3. Data analysis
Data analysis was carried out using Origin 7 (OriginLab
Corporation).
3. Results
The catalase activity of cytochrome bd from E. coli was followed
by monitoring the increase in the O2 concentration following the
addition of H2O2 to the isolated enzyme. As shown in Fig. 1, the
addition of H2O2 to the degassed (3–15 lM O2) buffer containing
as-prepared cytochrome bd results in formation of O2. No produc-
tion of O2 was observed if the enzyme was omitted or pre-inacti-
vated by 10 min-boiling at 100 C (not shown). The latter result
implies that the observed activity is protein related and does notFig. 1. Catalase activity of the as-prepared cytochrome bd from E. coli. Main panel:
O2 evolution induced by addition of 100 lM H2O2 to the enzyme under microaer-
obic conditions. Inset: Dependence of the rate of O2 evolution on H2O2
concentration.result from the presence of adventitious transition metals in the
enzyme preparation. The reaction proceeds with formation of
approximately half a mole of O2 per mole of H2O2 (Supplementary
Fig. 1) and O2 does not seem to inhibit such catalase activity, as
identical reaction rates were measured in degassed and air-equili-
brated buffer (not shown).
The kinetics of the reaction was investigated as a function of the
concentration of cytochrome bd and H2O2. The rate of O2 evolution
increased linearly with the enzyme concentration within the 0–
0.2 lM range (Supplementary Fig. 2 ). At [H2O2] < 0.5 mM, the
reaction accelerated linearly also with the H2O2 concentration
(Fig. 1, inset), whereas at higher concentrations of H2O2, the rate
tended to saturate (Fig. 1, inset).
Notably, cytochrome bd in turnover with DTT/Q1 retains its cat-
alase activity (Fig. 2, top panel). This implies that at least one of the
enzyme catalytic intermediates populated at steady-state [28] is
endowed with such activity. The oxygraphic assay, however, does
not allow to easily establish whether the H2O2 degrading- and
the O2 reductase-activity of cytochrome bd do actually compete.
To address this issue, we assayed the effect of H2O2 on the
quinol:O2 oxidoreductase activity of cytochrome bd, measured
spectrophotometrically by monitoring (at 340 nm) the consump-
tion of NADH in the presence of NADH:quinone oxidoreductase
(DT-diaphorase) and ubiquinone-1 (Q1). Fig. 2 (bottom panel)
shows that addition of H2O2 does not affect the oxidase activity
of cytochrome bd. Since heme d is the site where O2 chemistry
takes place [5], this heme is unlikely to be involved in the catalase
reaction.
It is also remarkable that the observed catalase activity is sensi-
tive to the redox-state of cytochrome bd. If the enzyme in turnoverFig. 2. Effect of H2O2 on cytochrome bd in turnover. Top panel: The enzyme in
turnover with DTT/Q1 retains its catalase activity. DTT, 10 mM; Q1, 250 lM; H2O2,
1 mM. Bottom panel: H2O2 does not interfere with the quinol:O2 oxidoreductase
activity of the enzyme, measured spectroscopically following NADH oxidation in
the presence of DT-diaphorase and Q1. NADH, 250 lM; DT-diaphorase, 6.7 lg/ml;
Q1, 20 lM; H2O2, 1 mM.
Fig. 3. Lack of catalase activity in cytochrome bd following complete reduction by
DTT/Q1. Subsequent addition of bona ﬁde bovine catalase restores the reaction. DTT,
10 mM; Q1, 250 lM; H2O2, 1 mM; catalase, 2 ng/ml.
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reduced, no catalase activity is detected following H2O2 addition
(Fig. 3), whereas if a bona ﬁde catalase is subsequently added,
the reaction occurs (Fig. 3). This ﬁnding, while further suggesting
cytochrome bd as responsible for the catalytic process, is clear evi-
dence that the observed activity does not result from a contami-
nant catalase.
To gain insight into the cytochrome bd catalase reaction, several
inhibitors of the enzyme were tested (Table 1). Inhibitors targeting
reduced heme d, like NO and CO, were found not to affect the ob-
served catalase activity (Table 1; Fig. 4, top panel), which further
suggests that this heme is not involved in the reaction. NO is
known to bind [29] and strongly inhibit bona ﬁde catalase (Ki of
0.18 lM [30]). This was further conﬁrmed here (Fig. 4, bottom pa-
nel). In contrast, NO as high as 20 lM did not affect the cytochrome
bd H2O2-degrading activity (Fig. 4, top panel), further arguing
against a possible contamination by catalase in the enzyme
preparation.
A member of another class of inhibitors, antimycin A, was
tested. This inhibitor suppresses the quinol oxidase activity of
cytochrome bd by targeting the quinol binding site [31]. We found
that 167 lM antimycin A does not inhibit cytochrome bd catalase
activity (Table 1). This suggests that the quinol binding site of
the enzyme is not involved in the catalase reaction, in line with
the ﬁnding that the reaction is not affected by up to 250 lM oxi-
dized Q1 (Table 1). Thiol groups also seem not to participate in
the reaction, as the thiol-blocking agent N-ethylmaleimide (NEM)
was found to be ineffective at a concentration of 20 lM (Table 1).
Finally, we tested cyanide that is known to bind ferric heme d
and inhibit the oxidase activity of cytochrome bd at relatively high
concentrations, with 2 mM cyanide reportedly accounting for 50%
inhibition [32]. Surprisingly, cyanide was found to inhibit the cat-
alase activity of cytochrome bd 1000-times more efﬁciently, withTable 1
Effect of inhibitors on the catalase and oxidase activity of cytochrome bd from E. coli.
Inhibitor Catalase activity
Inhibitor concentration (lM) Residual a
NaCN or KCN 2.5 (Ki) –
NaN3 100 2
Nitric oxide (NO) 20 100
Carbon monoxide (CO) 2 100
Antimycin A 167 100
Ubiquinone-1 (Q1) 250 100
N-Ethylmaleimide (NEM) 20 100an apparent inhibition constant Ki 2.5 lM (Supplementary Fig. 3).
This Ki value is similar to that measured for HPII catalase from E.
coli [33], although the onset of inhibition by cyanide seems to be
much faster than for catalase (not shown). The high sensitivity of
the cytochrome bd catalase activity to cyanide suggests that a
heme is involved in the reaction. Consistently, azide, another poor
inhibitor of the cytochrome bd oxidase activity (IC50 = 400 mM,
[32]), like cyanide was found to be a much more effective inhibitor
of the catalase activity of the enzyme (Table 1). Since a number of
observations argue against the involvement of heme d (see above),
a good candidate for the observed catalase activity is the high-spin
heme b595. This hypothesis was tested by investigating the effect of
cyanide on the absorption spectrum of the as-prepared cyto-
chrome bd. Addition of 50 lM cyanide, completely inhibiting the
catalase activity, induced in the absorption spectrum of cyto-
chrome bd a red shift in the Soret region with DA436–405 0.006
OD (Supplementary Fig. 4). This value may correspond to cyanide
binding to a small population of a b-type heme (4% or less), by
assuming a De of about 50–100 mM1 cm1.
The catalase activity described above was conﬁrmed in four dif-
ferent enzyme preparations (not shown). Moreover, importantly,
we found that cytochrome bd displays catalase activity also
in vivo. Addition of H2O2 to respiring cells lacking KatE and KatG
catalases but over-expressing cytochrome bd, indeed results in for-
mation of O2 (Fig. 5, trace 1). On the contrary, such effect is not ob-
served in the same catalase deﬁcient strain in the absence of
cytochrome bd over-expression (Fig. 5, trace 2).
4. Discussion
This study demonstrates that cytochrome bd from E. coli reveals
a signiﬁcant catalase activity. Several lines of evidence suggest that
this activity is not due to possible contaminants such as adventi-
tious transition metal ions or a bona ﬁde catalase. First, the activity
disappears after thermal denaturation of cytochrome bd. Second,
the catalase activity is sensitive to the redox-state of cytochrome
bd, being no longer observed when the enzyme becomes fully re-
duced (Fig. 3). Third, the observed reaction is NO-insensitive,
whereas catalase is strongly inhibited by NO (Fig. 4, see also [30]).
Assays with inhibitors (Table 1) show that a non-heme metal
site, a sulfhydryl group or a quinol-binding site are likely not in-
volved in the catalase reaction mediated by cytochrome bd. The
high sensitivity of such activity to cyanide (Supplementary Fig. 3)
points to the involvement of a heme. This can hardly be heme d
in the bd oxidase because the catalase activity (i) does not appear
to compete with the oxidase reaction directly associated with this
chlorine group (Fig. 2) and (ii) is insensitive to heme d2+ binding
inhibitors, like NO and CO. The activity could be instead associated
to the other high-spin pentacoordinate heme in the enzyme, heme
b595, whose absorption spectrum is incidentally similar to that of
protoheme IX-containing catalases and peroxidases [5]. The
ﬁnding that cyanide, added to the as-prepared enzyme at a
concentration sufﬁcient to fully inhibit its catalase activity, doesOxidase activity
ctivity (%) Inhibitor concentration (lM) Residual activity (%)
2  103 50 [32]
4  105 50 [32]
0.1 (Ki) [12] –
n.d. –
50 20 [31]
– –
n.d. –
Fig. 4. Effect of NO on the catalase activity of cytochrome bd (top panel) or bovine
bona ﬁde catalase (bottom panel). NO, 2 lM; H2O2, 235 lM; catalase, 2 ng/ml.
Fig. 5. Effect of H2O2 addition to katE/katG-deﬁcient E. coli cells (80 lg/ml total
protein) over-expressing (1) or not (2) cytochrome bd. [H2O2] = 235 lM. Buffer:
100 mM Na/phosphate, pH 7.0. The catalase activity observed in cytochrome bd-
overexpressing cells corresponds to 60 nmol O2 evolved/mg of total protein/min.
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suggests that only a fraction of cytochrome bd in the preparation
(4% or less) participates in the reaction. This may relate to the re-
cent ﬁnding that, following CO equilibration with reduced cyto-
chrome bd, in the enzyme preparation a small population with
heme b595 bound to CO and unliganded heme d can be detected
[34].
The maximum apparent turnover number observed for the cat-
alase activity of cytochrome bdwas 130 s1. However, if maximally
4% of the total enzyme in the preparation is involved in the catalase
reaction, this value must be recalculated to at least ca. 3250 s1.
With this high catalase activity, the contribution of cytochrome
bd to H2O2 detoxiﬁcation in a living cell may be signiﬁcant. Consis-
tently, we detected a catalase activity in katE/katG-deﬁcient E. coli
cells following cytochrome bd over-expression (Fig. 5) suggesting
that the enzyme can function as a catalase in vivo. In contrast, bo-
vine cytochrome c oxidase is unlikely to contribute to ROS scav-
enging [35].
Our conclusion on the protective role of cytochrome bd against
H2O2 stress is corroborated by the information that the E. coli mu-
tants unable to synthesize the bd oxidase are sensitive to H2O2 [36]
and that expression of cytochrome bd increases in the presence of
external H2O2 [37]. Furthermore, Korshunov and Imlay [38], using
an E. coli strain lacking H2O2-scavenging enzymes such as catalases
and NADH peroxidase (KatG, KatE and Ahp), showed that cyto-
chrome bd can diminish intracellular H2O2 production. To explain
their observation, these authors hypothesized that the oxidase
can act as an electron sink and pull electrons away from fumarate
reductase, an important source of H2O2, thereby reducing the rate
at which fumarate reductase generates H2O2 when anaerobic cul-
tures are abruptly aerated [38]. In this work we show that, in addi-
tion to acting as an electron sink, the E. coli cytochrome bd can
directly scavenge H2O2 working as a catalase.
Of interest, Davies et al. [39] proposed a diametrically opposite
role of cytochrome bd in E. coli. They reported that, underprolonged exposure of E. coli cells to hydroxyurea, the enzyme
could switch its function from a protective role to promoting cell
death by producing superoxide [39]. Such a modiﬁcation could
be mediated by a proteolytic cleavage, C-terminal truncation by
translation of an incomplete message, post-translation modiﬁca-
tion, or modulation of the native cytochrome by other components
present in the stressed cells [39]. We cannot exclude that any of
these modiﬁcations may participate in modulating the catalase
activity of cytochrome bd in vivo. In that respect, it is worth men-
tioning that in the aa3-type cytochrome c oxidase from Paracoccus
denitriﬁcans slight changes in the distance between heme a3 and
CuB and in the protein structure have been proposed to lead to a
20-fold increase in the catalase activity of the enzyme [40].
In conclusion, in this study we have shown that cytochrome bd,
beyond catalyzing O2 reduction, is endowed with a catalase activ-
ity, thereby playing a role against oxidative stress in bacterial cells.
Acknowledgements
We thank Prof. R.B. Gennis (Urbana, USA) for the strain of E. coli
GO105/pTK1. This work was supported by the Russian Foundation
for Basic Research (grant 11-04-00031-a to V.B.B.) and by Ministe-
ro dell’Istruzione, dell’Università e della Ricerca of Italy (FIRB
RBFR08F41U_001 and PNR-CNR Aging Program 2012-2014 A.G.,
FIRB RBIN06E9Z8 and PRIN 20107Z8XBW_005 to P.S.). V.B.B. was
recipient of two short-term fellowships by FEBS and by Consiglio
Nazionale delle Ricerche of Italy.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2013.
05.047.
References
[1] Imlay, J.A. (2008) Cellular defenses against superoxide and hydrogen peroxide.
Annu. Rev. Biochem. 77, 755–776.
[2] Loewen, P.C., Switala, J. and Triggs-Raine, B.L. (1985) Catalases HPI and HPII in
Escherichia coli are induced independently. Arch. Biochem. Biophys. 243, 144–
149.
[3] Borisov, V.B., Davletshin, A.I., and Konstantinov, A.A. (2010) Peroxidase activity
of cytochrome bd from Escherichia coli. Biochemistry (Moscow) 75, 428–436
(translated from Biokhimiya (in Russian) (2010), 75, 520–530).
[4] Poole, R.K. and Cook, G.M. (2000) Redundancy of aerobic respiratory chains in
bacteria? Routes, reasons and regulation. Adv. Microb. Physiol. 43, 165–224.
[5] Borisov, V.B., Gennis, R.B., Hemp, J. and Verkhovsky, M.I. (2011) The
cytochrome bd respiratory oxygen reductases. Biochim. Biophys. Acta 1807,
1398–1413.
2218 V.B. Borisov et al. / FEBS Letters 587 (2013) 2214–2218[6] Jasaitis, A., Borisov, V.B., Belevich, N.P., Morgan, J.E., Konstantinov, A.A. and
Verkhovsky, M.I. (2000) Electrogenic reactions of cytochrome bd. Biochemistry
39, 13800–13809.
[7] Belevich, I., Borisov, V.B., Zhang, J., Yang, K., Konstantinov, A.A., Gennis, R.B.
and Verkhovsky, M.I. (2005) Time-resolved electrometric and optical studies
on cytochrome bd suggest a mechanism of electron-proton coupling in the di-
heme active site. Proc. Natl. Acad. Sci. USA 102, 3657–3662.
[8] Belevich, I., Borisov, V.B. and Verkhovsky, M.I. (2007) Discovery of the true
peroxy intermediate in the catalytic cycle of terminal oxidases by real-time
measurement. J. Biol. Chem. 282, 28514–28519.
[9] Borisov, V.B., Belevich, I., Bloch, D.A., Mogi, T. and Verkhovsky, M.I. (2008)
Glutamate 107 in subunit I of cytochrome bd from Escherichia coli is part of a
transmembrane intraprotein pathway conducting protons from the cytoplasm
to the heme b595/heme d active site. Biochemistry 47, 7907–7914.
[10] Borisov, V.B., Murali, R., Verkhovskaya, M.L., Bloch, D.A., Han, H., Gennis, R.B.
and Verkhovsky, M.I. (2011) Aerobic respiratory chain of Escherichia coli is not
allowed to work in fully uncoupled mode. Proc. Natl. Acad. Sci. USA 108,
17320–17324.
[11] Giuffrè, A., Borisov, V.B., Mastronicola, D., Sarti, P. and Forte, E. (2012)
Cytochrome bd oxidase and nitric oxide: from reaction mechanisms to
bacterial physiology. FEBS Lett. 586, 622–629.
[12] Borisov, V.B., Forte, E., Konstantinov, A.A., Poole, R.K., Sarti, P. and Giuffrè, A.
(2004) Interaction of the bacterial terminal oxidase cytochrome bd with nitric
oxide. FEBS Lett. 576, 201–204.
[13] Borisov, V.B., Forte, E., Sarti, P., Brunori, M., Konstantinov, A.A. and Giuffrè, A.
(2006) Nitric oxide reacts with the ferryl-oxo catalytic intermediate of the
CuB-lacking cytochrome bd terminal oxidase. FEBS Lett. 580, 4823–4826.
[14] Borisov, V.B., Forte, E., Sarti, P., Brunori, M., Konstantinov, A.A. and Giuffrè, A.
(2007) Redox control of fast ligand dissociation from Escherichia coli
cytochrome bd. Biochem. Biophys. Res. Commun. 355, 97–102.
[15] Forte, E., Borisov, V.B., Konstantinov, A.A., Brunori, M., Giuffrè, A. and Sarti, P.
(2007) Cytochrome bd, a key oxidase in bacterial survival and tolerance to
nitrosative stress. Ital. J. Biochem. 56, 265–269.
[16] Mason, M.G., Shepherd, M., Nicholls, P., Dobbin, P.S., Dodsworth, K.S., Poole,
R.K. and Cooper, C.E. (2009) Cytochrome bd confers nitric oxide resistance to
Escherichia coli. Nat. Chem. Biol. 5, 94–96.
[17] Borisov, V.B., Forte, E., Giuffrè, A., Konstantinov, A. and Sarti, P. (2009) Reaction
of nitric oxide with the oxidized di-heme and heme-copper oxygen-reducing
centers of terminal oxidases: different reaction pathways and end-products. J.
Inorg. Biochem. 103, 1185–1187.
[18] Hill, J.J., Alben, J.O. and Gennis, R.B. (1993) Spectroscopic evidence for a heme–
heme binuclear center in the cytochrome bd ubiquinol oxidase from
Escherichia coli. Proc. Natl. Acad. Sci. USA 90, 5863–5867.
[19] Borisov, V., Arutyunyan, A.M., Osborne, J.P., Gennis, R.B. and Konstantinov, A.A.
(1999) Magnetic circular dichroism used to examine the interaction of
Escherichia coli cytochrome bd with ligands. Biochemistry 38, 740–750.
[20] Vos, M.H., Borisov, V.B., Liebl, U., Martin, J.-L. and Konstantinov, A.A. (2000)
Femtosecond resolution of ligand–heme interactions in the high-afﬁnity
quinol oxidase bd: a di-heme active site? Proc. Natl. Acad. Sci. USA 97, 1554–
1559.
[21] Borisov, V.B., Sedelnikova, S.E., Poole, R.K. and Konstantinov, A.A. (2001)
Interaction of cytochrome bd with carbon monoxide at low and room
temperatures: evidence that only a small fraction of heme b595 reacts with
CO. J. Biol. Chem. 276, 22095–22099.
[22] Borisov, V.B., Liebl, U., Rappaport, F., Martin, J.-L., Zhang, J., Gennis, R.B.,
Konstantinov, A.A. and Vos, M.H. (2002) Interactions between heme d and
heme b595 in quinol oxidase bd from Escherichia coli: a photoselection study
using femtosecond spectroscopy. Biochemistry 41, 1654–1662.[23] Arutyunyan, A.M., Borisov, V.B., Novoderezhkin, V.I., Ghaim, J., Zhang, J.,
Gennis, R.B. and Konstantinov, A.A. (2008) Strong excitonic interactions in the
oxygen-reducing site of bd-type oxidase: the Fe-to-Fe distance between
hemes d and b595 is 10 Å. Biochemistry 47, 1752–1759.
[24] Rappaport, F., Zhang, J., Vos, M.H., Gennis, R.B. and Borisov, V.B. (2010) Heme–
heme and heme–ligand interactions in the di-heme oxygen-reducing site of
cytochrome bd from Escherichia coli revealed by nanosecond absorption
spectroscopy. Biochim. Biophys. Acta 1797, 1657–1664.
[25] Arutyunyan, A.M., Sakamoto, J., Inadome, M., Kabashima, Y. and Borisov, V.B.
(2012) Optical and magneto-optical activity of cytochrome bd from Geobacillus
thermodenitriﬁcans. Biochim. Biophys. Acta 1817, 2087–2094.
[26] Miller, M.J. and Gennis, R.B. (1986) Puriﬁcation and reconstitution of the
cytochrome d terminal oxidase complex from Escherichia coli. Methods
Enzymol. 126, 87–94.
[27] Borisov, V.B. (2008) Interaction of bd-type quinol oxidase from Escherichia coli
and carbon monoxide: heme d binds CO with high afﬁnity. Biochemistry
(Moscow) 73, 14–22 (translated from Biokhimiya (in Russian) (2008), 73, 18–
28).
[28] Borisov, V.B., Forte, E., Sarti, P. and Giuffrè, A. (2011) Catalytic intermediates of
cytochrome bd terminal oxidase at steady-state: ferryl and oxy-ferrous
species dominate. Biochim. Biophys. Acta 1807, 503–509.
[29] Purwar, N., McGarry, J.M., Kostera, J., Pacheco, A.A. and Schmidt, M. (2011)
Interaction of nitric oxide with catalase: structural and kinetic analysis.
Biochemistry 50, 4491–4503.
[30] Brown, G.C. (1995) Reversible binding and inhibition of catalase by nitric
oxide. Eur. J. Biochem. 232, 188–191.
[31] Meunier, B., Madgwick, S.A., Reil, E., Oettmeier, W. and Rich, P.R. (1995) New
inhibitors of the quinol oxidation sites of bacterial cytochromes bo and bd.
Biochemistry 34, 1076–1083.
[32] Kita, K., Konishi, K. and Anraku, Y. (1984) Terminal oxidases of Escherichia coli
aerobic respiratory chain. II. Puriﬁcation and properties of cytochrome b558–d
complex from cells grown with limited oxygen and evidence of branched
electron-carrying systems. J. Biol. Chem. 259, 3375–3381.
[33] Maj, M., Nicholls, P., Obinger, C., Hillar, A. and Loewen, P.C. (1996) Reaction of
E. coli catalase HPII with cyanide as ligand and as inhibitor. Biochim. Biophys.
Acta 1298, 241–249.
[34] Borisov, V.B. and Verkhovsky, M.I. (2013) Accommodation of CO in the di-
heme active site of cytochrome bd terminal oxidase from Escherichia coli. J.
Inorg. Biochem. 118, 65–67.
[35] Bolshakov, I.A., Vygodina, T.V., Gennis, R., Karyakin, A.A. and Konstantinov,
A.A. (2010) Catalase activity of cytochrome c oxidase assayed with hydrogen
peroxide-sensitive electrode microsensor. Biochemistry (Moscow) 75, 1352–
1360.
[36] Delaney, J.M., Wall, D. and Georgopoulos, C. (1993) Molecular characterization
of the Escherichia coli htrD gene: cloning, sequence, regulation, and
involvement with cytochrome d oxidase. J. Bacteriol. 175, 166–175.
[37] Lindqvist, A., Membrillo-Hernandez, J., Poole, R.K. and Cook, G.M. (2000) Roles
of respiratory oxidases in protecting Escherichia coli K12 from oxidative stress.
Antonie Van Leeuwenhoek 78, 23–31.
[38] Korshunov, S. and Imlay, J.A. (2010) Two sources of endogenous hydrogen
peroxide in Escherichia coli. Mol. Microbiol. 75, 1389–1401.
[39] Davies, B.W., Kohanski, M.A., Simmons, L.A., Winkler, J.A., Collins, J.J. and
Walker, G.C. (2009) Hydroxyurea induces hydroxyl radical-mediated cell
death in Escherichia coli. Mol. Cell 36, 845–860.
[40] Hilbers, F., von der Hocht, I., Ludwig, B. and Michel, H. (2013) True wild type
and recombinant wild type cytochrome c oxidase from Paracoccus denitriﬁcans
show a 20-fold difference in their catalase activity. Biochim. Biophys. Acta
1827, 319–327.
